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ABSTRACT: Composite micromechanics and macromechanics and t h e  min ia tu re  
Izod impact tesf are used t o  i n v e s t i g a t e  t h e  impact r e s i s t a n c e  of un id i -  
r e c t i o n a l  composites. Severa l  composite systems are examined both  theo- 
r e t i c a l l y  and experimental ly .  
re la t ive t o  t h e i r  impact r e s i s t a n c e  f o r  l o n g i t u d i n a l ,  t r a n s v e r s e  and 
shear  modes, Experimental  r e s u l t s  are repor ted  only f o r  Izod impact w i th  
The composites are c l a s s i f i e d  t h e o r e t i c a l l y  
t h e  f i b e r s  e i t h e r  p a r a l l e l  o r  t r a n s v e r s e  t o  t h e  c a n t i l e v e r  l o n g i t u d i n a l  
axis. Impact r e s i s t a n c e  des ign  c r i te r ia  which evolved dur ing  t h i s  in -  
v e s t i g a t i o n  are vsed t o  des ign  hybrid composites wi th  improved impact 
resistance. This  is  i l l u s t r a t e d  t h e o r e t i c a l l y  and demonstrated experi-  
mental ly .  
t o - f r a c t u r e ,  ma t r ix  modulus, f a b r i c a t i o n  process ,  f i b e r  and void  volume 
r a t i o s  and mic ro res idua l  stresses are v a r i a b l e s  which a f f e c t  t h e  impact 
r e s i s t a n c e .  The ranking of composite impact r e s i s t a n c e  on t h e  b a s i s  of 
measured and p red ic t ed  r e s u l t s  w a s  i n  e x c e l l e n t  agreement. 
KEY WORDS: f i b e r  composites,  hybrid composites,  stress a n a l y s i s ,  s t r u c -  
t u r a l  a n a l y s i s ,  des ign ,  impact,  micromechanics, micro-residual  stress, 
debonding, delaminat ion,  Izod impact 
The r e s u l t s  show t h a t  i n - s i t u  f i b e r  and ma t r ix  e longat ion-  
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c ross - sec t iona l  area, delaminated area, r e s p e c t i v e l y  
cons tan t  Eq. (5), s u p e r s c r i p t  - averaged p r o p e r t i e s  
width,  cons tan t  Eq. (5) 
supe r sc r ip t - co re  composite 
f i b e r  diameter  
modulus 
shear  modulus, g r a v i t a t i o n a l  cons tan t  
he igh t  weight dropped, member depth 
impact energy d e n s i t y  
f i b e r  volume r a t i o ,  volume r a t i o  of pul l -out  f i b e r s ,  void 
r a t i o  
member l eng th  over which a uniform stress e x i s t s ,  l eng th  
f i b e r  debonded l eng th ,  d e l m i n a t e d  l eng th  
number of pul l -out  f i b e r s ,  number of delaminated l a y e r s  
c a n t i l e v e r  end load 
u n i d i r e c t i o n a l  composite (p ly)  s t r e n g t h :  s u b s c r i p t s  d e f i n e  
d i r e c t i o n  and sense; s u p e r s c r i p t - s h e l l  composite 
temperature  d i f f e r e n c e  between composite process ing  and u s e  
temperatures  
energy s t r a i n  energy 
impacting weight v e l o c i t y  
impacting weight 
s t r u c t u r a l  axes coord ina te  system 
material axes coord ina te  system 
thermal  c o e f f i c i e n t  of expansion 
3 
B correlation coefficients 
void strain magnification on in-situ matrix 
@V 
E strain: subscripts define direction and sense 
E composite limit fracture strain 
* 
matrix strain-magnification-factor: subscripts identify strain +u 
0 stress: subscripts define direction 
T shear strength for interface bond 
SUBSCRIPTS 
cr critical 
D debonding, delamination 
FP0,f fiber pull-out, fiber property 
i summation index 
L, 1 longitudinal, unidirectional composite (ply) property 
m,mp matrix property, matrJx limiting property 
R residual stress 
S shear 
T tens ion 
x,y,z directions coinciding with the structural axes 
1,2,3 directions coinciding with the material, axes 
INTRODUCTION 
An important design aspect of fiber composite structural components 
is their impact resistance. Some basic work on impact resistance and 
on other closely related properties of these materials has been reported 
in the literature. See for example references [1-51. However, the 
understanding of impact resistance of fiber composites has not advanced. 
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3The italic numbers in the britckets refer to the list of references 
appended to this paper. 
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t o  t h e  po in t  where components can b e  designed f o r  impact us ing  conven- 
t i o n a l  des ign  procedures.  
To o b t a i n  an i n s i g h t  i n t o  t h e  impact r e s i s t a n c e  o f  s t r u c t u r a l  com- 
ponents made from f i b e r  composites w e  begin  by examining t h e i r  phys i ca l  
makeup. 
p l i e s ;  t h e  p l y  is  i t s e l f  a u n i d i r e c t i o n a l  composite, A b e t t e r  under- 
s tanding  of component impact r e s i s t a n c e  can then  b e  obtained by i n v e s t i -  
ga t ing  t h e  impact r e s i s t a n c e  of i n d i v i d u a l  p l i e s ,  multi-ply unid i rec-  
t i o n a l  composites,  t h e  i n t e r p l y  ma t r ix  l a y e r s ,  and t h e  c o n s t i t u e n t  m a t e -  
r i a l  p w p e r t i e s  and f a b r i c a t i o n  processing v a r i a b l e s .  
w i th  such an  i n v e s t i g a t i o n ,  The i n v e s t i g a t i o n  i s  l i m i t e d  t o  gross-  
type-impact ( s u f f i c i e n t l y  long impact con tac t  times so  t h a t  t h e  e n t i r e  
component resists t h e  impacting f o r c e )  and t o  u n i d i r e c t i o n a l  composites 
which e x h i b i t  a l i n e a r  s t a t i c  s t r e s s - s t r a i n  r e l a t i o n s h i p  t o  f r a c t u r e .  
The components considered h e r e i n  are made by lamina t ing  several 
This  paper d e a l s  
The o b j e c t i v e s  of t h e  i n v q s t i g a t i o n  are t o  o b t a i n  a b e t t e r  under- 
s t and ing  of impact resistance through elementary t h e o r e t i c q l  consider-  
a t i o n s  and s imple experiments.  The experiments are of a q u a l i t a t i v e  
n a t u r e  and serve as a means t o  rank t h e  composites. The fo l lowing  fac-  
t o r s  are esamined: i n t e r p r e t a t i o n  of impact resistance i n  terms of t h e  
energy under t h e  s ta t ic  stress-strain diagram; r e l a t i o n s h i p  of t h i s  
energy t o  c w s t i t u e n t  material p r o p e r t i e s  and f a b r i c a t i o n  process ing  
v a r i a b l e s ;  i d e n t i f i c a t i o n  of preva len t  f a i l u r e  modes; i d e n t i f i c a t i o n  of 
c o n s t i t u e n t  material p r o p e r t i e s  which have a s t r o n g  in f luence  on impact 
r e s i s t a n c e ;  cons t ruc t ion  of des igo  cr i ter ia  f o r  improving impact resist- 
ance; and s c l a s s i f  i ca t i cm of s e v e r a l  a v a i l a b l e  f i b e r  composites on an 
impact r e s i s t a n c e  scale. 
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The t h e o r e t i c a l  express ions  f o r  p r e d i c t i n g  impact r e s i s t a n c e  are 
covered i n  t h e  s e c t i o n  "Theore t ica l  Inves t iga t ion . "  Here, impact resist- 
ance a s soc ia t ed  wi th  s i n g l e  o r  combined f r a c t u r e  modes is  presented  and 
d iscussed .  
The d e t a i l e d  d e r i v a t i o n s  are omit ted h e r e  b u t  they  are given i n  [ 6 ] .  
The experimental  i n v e s t i g a t i o n  is  descr ibed  i n  t h e  s e c t i o n  "Experimental 
Inves t iga t ion . "  In  t h i s  s e c t i o n ,  t h e  c o n s t i t u e n t  materials, f a b r i c a t i o n  
processi  test specimens and test  methods are descr ibed .  The experimental  
r e s u l t s  are a l s o  d iscussed  i n  t h i s  s e c t i o n .  Both t h e o r e t i c a l  and experi-  
mental r e s u l t s  are presented  i n  t a b u l a r  and g raph ica l  forms and can 
serve as an a i d  i n  des ign .  
THEORET IC& INVESTIGATION 
Design concepts u s ing  hybrid composites are a l s o  covered. 
I n  gene ra l  advanced u n i d i r e c f i o n a l  f i b e r  composites e x h i b i t  l i n e a r  
s t r e s s - s t r a i n  behavior  (Fig.  1 ) .  L inear  s t r e s s - s t r a i n  r e l a t i o n s h i p s  are 
a l s o  r e t a i n e d  a t  h igh  ra tes  of loadings  [ 7 ] .  These l i n e a r  stress s t r a i n  
r e l a t i o n s h i p s  and composite micromechanics [8,9] form t h e  b a s i s  of t h e  
t h e o r e t i c a l  development f o r  computing t h e  impact r e s i s t a n c e .  
The impact loadings  which are considered h e r e ,  are i l l u s t r a t e d  i n  
Fig.  2, A s  can be  seen i n  t h i s  f i g u r e  t h e  impact loadings  are e i t h e r  
along the material a x i s  of t h e  composite ( l o n g i t u d i n a l ,  t r a n s v e r s e  o r  
shear )  o r  a t  t h e  f r e e  end of a c a n t i l e v e r .  
Longi tudina l  Impact Resistance 
Longi tudina l  impact loading  can r e s u l t  i n  e i t h e r  of two modes of 
f r a c t u r e .  These gre: (1) c leavage - t h e  f r a c t u r e  s u r f a c e  c o n s i s t s  of 
f r a c t u r e d  f i b e r s  and mat r ix  which l i e  approximately i n  t h e  same plane.  
(2) Cleavage wi th  f i b e r  pu l lou t  - t h e  f r a c t u r e  s u r f a c e  c o n s i s t s  of 
6 
f r a c t u r e d  f i b e r s  i n  combination w i t h  debonding and f i b e r  pul l -out .  I n  
t h e  l a t te r  case not  a l l  of ' t h e  f r a c t u r e  s u r f a c e s  of t h e  f i b e r s  l i e  on 
t h e  same plane.  
i n  [3 ,4 ,10] .  
Impact-lnduced Cleavage F rac tu re  
Both of t h e s e  f r a c t u r e  modes are ex tens ive ly  d iscussed  
The equat ion  desc r ib ing  cleavage f a i l u r e  due t o  impact i s  obtained 
by determining t h e  s t r a i n  energy dens i ty .  It is  shown experimental ly  
i n  [ll] t h a t  t h e  s t r a i n  energy d e n s i t y  c o r r e l a t e s  wi th  Izod impact. For 
l o n g i t u d i n a l  impact,  Pig.  l a ,  t h i s  i s  simply 
o r  
* 
where U is  t h e  s t r a i n  energy, E is  t h e  f r a c t u r e  s t r a i n ,  S i s  t h e  frac- 
ture strength, E is Che modulus, and V is the volume, The subscript 
group (211T)  is defined as, follows: 
i d e n t i f y  t h e  f i b e r  d i r e c t i o n  and load  d i r e c t i o n  i n  t h a t  o rde r ;  (T) iden- 
(2) refers'to unidirectional properties (11) 
t i f i e s  t h e  sense  of t h e  stress. Using composite micromechanics [ 9 ]  two 
depending on whether t h e  f i b e r s  o r  ' Z l l T  equat ions  can be  der ived  f o r  
t h e  matrix o f f e r  t h e  primary r e s i s t a n c e  t o  f r a c t u r e .  The d e r i v a t i o n s  
are given i n  [6 ] ,  Here w e  g ive  only t h e  f i n a l  equat ions .  The impact 
r e s i s t a n c e  d e n s i t y  (TED) of composites wifh E /E r a t i o  g r e a t e r  t han  
20 is approximated by 
f m  
wi th  an  approximation e r r o r  of less than 5 percent .  The undefined vari- 
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ab le s  i n  Eq. (3) are as follows: kv and kf denote  void and f i b e r  
volume r a t i o s ,  r e s p e c t i v e l y ;  6 r e p r e s e n t s  t h e  i n - s i t u  f i b e r  s t r e n g t h  
e f f i c i e n c y  which r e f l e c t s  t h e  f a b r i c a t i o n  process ;  t h e  s u b s c r i p t  f 
r e f e r s  t o  f i b e r  proper ty .  The important  p o i n t s  t o  be  noted i n  Eq, (3) 
are t h e  q u a d r a t i c  dependence of t h e  s t ra in  energy d e n s i t y  on t h e  f i b e r  
s t r e n g t h  SfT and t h e  f a b r i c a t i o n  process  v a r i a b l e  6 
impact resistance composite Eq. (3) imposes t h e  fol lowing requirements:  
a high s t r e n g t h ,  low modulus f i b e r ,  approximately 100 percent  f i b e r  
p r o p e r t i e s  t r a n s l a t i o n  e f f i c i e n c y ,  high f i b e r  volume r a t i o  and low void  
volume r a t i o .  Three a d d i t i o n a l  po in t s  t o  be noted h e r e  are: (1) The 
dependence of t h e  s t r a i n  energy d e n s i t y  and t h e r e f o r e  impact r e s i s t a n c e  
on SfT/Ef and kf has  been c l e a r l y  demonstrated i n  [12,13].  (2) The 
c o n t r i b u t i o n  of (I - kv)BfT 
by t h e  debonding and f i b e r  pul l -out  mechanism. See s e c t i o n  on debonding 
and f i b e r  pul l -out  and a l s o  [ 3  and 41. (3) Equation (3) is a s i m p l e  and 
convenient meaw t o  rank f i b e r  composites f o r  l o n g i t u d i n a l  impact re- 
s i s t a n c e .  
fT 
For a h igh  fT"  
i s  con t r ad ic to ry  t o  t h e  resul ts  p red ic t ed  
A g r a p h i c a l  r e p r e s e n t a f i o n  of Eq. (3) f o r  va r ious  a v a i l a b l e  com- 
p o s i t e s  is shown i n  Fig.  3 ,  where t h e  s t r a i n  energy d e n s i t y  i s  p l o t t e d  
as a f u n c t i o n  of S /E  ( f i b e r - s t r e n g t h  t o  fiber-modulus r a t i o )  which fT f 
equals  i n - s i t u  f i b e r  e longat ion- to- f rac ture .  These same composites have 
been ranked according t o  Eq. (3) i n  Table  1. Note i n  Table 1 t h r e e  
r e l a t i v e l y  new f i b e r s  have been l i s t e d .  These are Thornel-400, HMOF 
(a h igh  modulus organic  f i b e r )  and UARL-344 Glass [14]. 
Rank comparisons of r e s u l t s  repor ted  i n  t h e  l i t e r a t u r e  w i t h  those  
pred$.cted by Eq. (3) are s h o w  i n  Table  2 f o r  notched Charpy impact, i n  
8 
Table 3 f o r  f r a c t u r e  Goughness, and i n  Table  4 f o r  energy-absorbed-to- 
f a i l u r e  a t  cryogenic  temperatures .  
ranking comparisons are i n  e x c e l l e n t  agreement. 
E f f e c t s  of Micro-Residual S t r e s s e s  on Impact Res is tance  
A s  can be  seen  i n  t h e s e  t a b l e s ,  t h e  
The c o n t r i b u t i o n  of t h e  matrix t o  impact r e s i s t a n c e  i s  n o t  neg l i -  
g i b l e  i n  composites w i t h  a s t r o n g  and s t i f f  matrix and having good 
i n t e r f a c e  bond. These types of composites u s u a l l y  have E / E  < 10,  
which is t y p i c a l  f o r  f i b e r / m e t a l l i c  ma t r ix  composites. 
f m  
The goverping equat ion  f o r  t h e  impact energy d e n s i t y  f o r  t h i s  Case 
is  g iven  by 
where 
The s u b s c r i p t s  2 ,  f ,  and m denote  p ly ,  f i b e r ,  and ma t r ix  p r o p e r t i e s ,  
r e spec t ive ly ;  a i s  t h e  thermal  c o e f f i c i e n t  of expansion and AT is  t h e  
d i f f e r e n c e  between t h e  composite process ing  and use temperatuyes. 
One very important  p o i n t  t o  b e  noted i s  Eqs. ( 4 )  and (5) i s  t h a t  
t h e  s t r a i n  energy d e n s i t y  depends s i g n i f i c a n t l y  on t h e  micro-residual  
stress. The micro-residual  stress i s  rep resen ted  by the parameter b 
i n  Eq, (5). 
l i t e r a t u r e .  
This  dependence has  n o t  been r epor t ed  previous ly  i n  t h e  
It is  suspected t h a t  t h e  presence of micro-residual  stress 
i n  t h e  mat r ix  produced some of t h e  t r ends  r epor t ed  i n  [3  and 153. How- 
ever, t h e  au thors  of t h e s e  r e fe rences  d id  not  a t t r i b u t e  t h e  dec rease  i n  
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f r a c t u r e  energy t o  t h i s  phenomenon. 
The dependence of t h e  s t r a i n  energy d e n s i t y  and t h e r e f o r e  t h e  impact 
resistance on t h e  micro-residual  stress is i l l u s t r a t e d  i n  Fig.  4 f o r  a 
boron-si l icon ca rb ide  coated t i t an ium system. Two sets of curves  are 
p l o t t e d  i n  t h i s  f i g u r e .  One set  i s  f o r  mat r ix-cont ro l led  f a i l u r e  w i t h  
and wi thout  r e s i d u a l  stress. The o the r  set  is  f o r  f ibe r - con t ro l l ed  
f a i l u r e  wi th  and wi thout  r e s i d u a l  stress. This  second set w a s  obtained 
from Eqs. ( 4 )  and (5) by in te rchanging  t h e  s u b s c r i p t  f w i th  m. 
The important  p o i n t  t o  b e  noted i n  F ig .  4 i s  t h a t  impact r e s i s t a n c e ,  
o r  f r a c t u r e  toughness,  i s  very  s e n s i t i v e  t o  t h e  presence of micro- 
r e s i d u a l  stresses. Therefore ,  i n t e r p r e t a t i o n  of experimental  r e s u l t s  
from composites wi th  E /E < 10 must t ake  t h e  micro-residual  stress 
i n t o  account.  
f m  
Longi tudina l  impact loadings  r e s u l t i n g  i n  p a r t i a l  c leavage f a i l u r e  
wi th  debonding and f i b e r  pul l -out  is  a combined f r a c t u r e  mode. 
type of mode w i l l  fo l low t h e  d e s c r i p t i o n  of t h e  s i n g l e  modes. 
Transverse Impact Res is tance  
This  
Transverse impact loadings  of u n i d i r e c t i o n a l  composites (Fig.  2b) 
r e s u l t  i n  b r i t t l e  f r a c t u r e s .  The amount of energy absorbed t o  f r a c t u r e  
dur ing  transverse impact i s  r e f e r r e d  t o  as t h e  t r a n s v e r s e  impact re- 
sistance. 
r e f e r r e d  t o  as t h e  IED. 
t h e  t r a n s v e r s e  s t r e s s - s t r a i n  curve is  shown i n  F ig .  l b .  The governing 
equat ion  is der ived  from t h e  s t r e s s - s t r a i n  diagram i n  F ig .  l b  and the 
micromechanics r e l a t i o n s  of [ 9 ] .  The governing equat ion  f o r  t h e  t r ans -  
verse impact energy d e n s i t y  is given by 
The s t r a i n  energy d iv ided  by the volume of t h e  material i s  
This  impact energy d e n s i t y  as measured under 
10 
The v a r i a b l e s  i n  Eq. (6) are as fol lows:  
f i c i e n t  r e f l e c t i n g  t h e  f a b r i c a t i o n  process;  E i s  t h e  maximum t rans-  
B22T is  t h e  c o r r e l a t i o n  coef- 
mPT 
verse s t r a i n  t h a t  t h e  i n - s i t u  ma t r ix  w i l l  exper ience  when the composite 
is  t h e  void magni f ica t ion  of 
BV 
is  loaded i n  t h e  t r a n s v e r s e  d i r e c t i o n ;  
t h e  t r a n s v e r s e  matrix s t r a i n ;  4 
22 magni f ica t ion  f a c t o r ;  and 
is  t h e  ma t r ix  t r ansve r se - s t r a in -  
u22 
i s  t h e  t r a n s v e r s e  composite modulus. 
There are several important  p o i n t s  t o  b e  observed i n  Eq. ( 6 ) .  
(1) The t r a n s v e r s e  impact r e s i s t a n c e  is  a complex func t ion  of t h e  f a b r i -  
c a t i o n  process ,  material p r o p e r t i e s ,  and composite p r o p e r t i e s .  (2) The 
t h e  poorer  t h e  22T' degree of bond a t  t h e  i n t e r f a c e  is  r e f l e c t e d  by 6 
i n t e r f a c e  bond t h e  smaller t h e  va lue  f o r  t h i s  c o e f f i c i e n t ,  (3)  Inc reases  
i n  e i t h e r  void o r  f i b e r  content  o r  both have i n v e r s e  square  e f f e c t s  on 
t h e  t r a n s v e r s e  impact r e s i s t a n c e .  These e f f e c t s  r e s u l t  i n  more b r i t t l e  
composite behavior .  ( 4 )  The impact r e s i s t a n c e  i n c r e a s e s  l i n e a r l y  w i t h  
t h e  t r a n s v e r s e  modulus. (5) The impact r e s i s t a n c e  inc reases  as t h e  
square  of the i n - s i t u  mat r ix- f rac ture-s t ra in .  
It i s  important  t o  no te  t h a t  t h e  i n - s i t u  ma t r ix - f r ac tu re  s t r a i n  i s  
- no t  t h e  f a i l u r e  s t r a i n  of t h e  bulk  ma t r ix  material. 
matrixes t h e  former is a small f r a c t i o n  of t h e  l a t te r  [9]. The d i f f e r -  
ence between i n - s i t u  and bulk  ma t r ix - f r ac tu re - s t r a in  is  no t  widely rec- 
ognized, 
t o  develop matrix materials which would r e s u l t  i n  improved composite 
p r o p e r t i e s  have u s u a l l y  f a i l e d .  However both of t h e s e  d i s p a r i t i e s  can 
be  remedied w i t h  s u i t a b l e  micromechanics models and appropr i a t e  experi-  
For nonmeta l l ic  
A s  a r e s u l t ,  e f f o r t s  t o  c o r r e l a t e  theory  wi th  experiment and 
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ments [A61 
The g r a p h i c a l  r e p r e s e n t a t i o n  of Eq, (6) f o r  t y p i c a l  f i b e r  composites 
is shown i n  F ig .  5. I n  t h i s  f i g u r e  t h e  impact energy d e n s i t y  has been 
p l o t t e d  as a f u n c t i o n  of f i b e r  volume r a t i o .  Three important  p o i n t s  t o  
be noted i n  Fig.  5 are: (1) The impac t  resistance of g r a p h i t e  f i b e r /  
epoxy is i n s e n s i t i v e  t o  f i b e r  volume r a t i o .  
f iber /epoxy composites become q u i t e  b r i t t l e  a t  h igh  f i b e r  volume r a t i o s  
( g r e a t e r  than  0.65).  
mately t h e  same impact r e s i s t a n c e  a t  about 0.50 f i b e r  volume r a t i o .  
The v a r i a t i o n  of t h e  impact r e s i s t a n c e  as a f u n c t i o n  of matrix 
(2) However, boron and g la$s  
(3) A T 1  f i be r /nonmeta l l i c  composites have approxi- 
modulus i s  shown i n  Table 5 f o r  Modmor-I/epoxy composite. 
seen  i n  t h i s  t a b l e ,  t h e  impact r e s i s t a n c e  i n c r e a s e s  very  r a p i d l y  wi th  
inc reas ing  ma t r ix  modulus. There are two reasons  f o r  t h i s  r a p i d  in-  
decreases  crease: (1) T'ne matris-styain-magnification f a c t o r  
r a p i d l y  wh i l e  t h e  composite t r a n s v e r s e  modulus (Ez22) i nc reases  
(Table 5). (2) The f i b e r  is a n i s o t r o p i c ,  t h a t  i s ,  t h e  t r a n s v e r s e  f i b e r  
modulus is  about  0.7 t o  1 . 4 ~ 1 0  N/cm (1 t o  2x10 p s i ) .  
Shear Impact Resistance 
A s  can b e  
$ I 2 2  
6 2 6 
Shear impact loadings  of u n i d i r e c t i o n a l  composite (Fig.  2c) r e s u l t  
i n  r e l a t i v e l y  b r i t t l e  f r a c t u r e .  The amount of energy absarbed t o  f r a c -  
t u r e  dur ing  shea r  impact i s  c a l l e d  h e r e i n  shea r  impact resistance. The 
corresponding impact epergy d e n s i t y  as measured vnder t h e  shea r  stress- 
s t r a i n  curve i s  shown i n  F ig ,  IC. 
g ivee  by 
The governing equat ion  f o r  shea r  is  
1 %2s&nlps 
IED = z ( Bv4l-112 7 (7112 (7) 
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Note t h e  s i m i l a r i t y  of Eqs. (7)  and (6 ) .  Corresponding terms have 
analogous meanings, namely: f312s, c o r r e l a t i o n  f a c t o r ;  E in-s  i t u  
matrix shear-f r a c t u r e - s t r a i n ;  
s t r a i n ;  
shea r  modulus i n  t h e  p lane  conta in ing  t h e  f i b e r s .  
The important p o i n t s  noted i n  d i scuss ing  Eq. (6) apply t o  corre-  
mpS ’ 
vo id  c o n t r i b u t i o n  t o  t h e  matrix shear  
ma t r ix  shear -s t ra in-magni f ica t ion  f a c t o r ;  GIl2, composite 
f3v 9 
41112’ 
sponding terms i n  Eq. (7) as w e l l .  One a d d i t i o n a l  po in t  t o  b e  noted is  
t h a t  Eq. (7)  d e s c r i b e s  a l s o  in t r a l amina r  shea r  delaminat ion as w i l l  b e  
descr ibed  subsequent ly  
The g r a p h i c a l  r e p r e s e n t a t i o n  f o r  t y p i c a l  f i b e r  composites is shown 
i n  Fig.  6 .  I n  t h i s  f i g u r e  t h e  IED f o r  shea r  i s  p l o t t e d  as a f u n c t i o n  of 
t h e  f i b e r  volume r a t i o .  The important p o i n t s  i n  Fig.  6 are: (1) BorQn/ 
epoxy compwites  are s u p e r i o r  i n  shear impact as compared wi th  o the r  
f iber /epoxy composites when t h e  f i b e r  volume r a t i o  i s  less than  about  
0.6. (2) The shea r  impact r e s i s t a n c e  of i s o t r o p i c  boron and S-glass 
f iber /epoxy composites i s  very  s e n s i t i v e  t o  f i b e r  volume r a t i o .  
The v a r i a t i o n  of t h e  shea r  IED as a f u n c t i o n  of ma t r ix  modulus f o r  
a g r a p h i t e  Modmor-I f i be r l epoxy  composite is shown i n  Table 5. 
be  s e e n  i n  t h i s  t a b l e ,  t h e  shear IED inc reases  very  r a p i d l y  w i t h  in- 
A s  can 
creas ing  matrix modulus. 
t h e  v a r i a t i o n  of t h e  ma t r ix  shear -s t ra in-magni f ica t ion  and t h e  composite 
shear  modulus (Table 5) w i t h  inc reas ing  matrix modulus. 
noted t h a t  t he  shea r  I E D  inc reases  more r a p i d l y  than  t h e  t r a n s v e r s e  IED 
as can b e  seen by comparing corresponding columns i n  Table 5 .  
Longi tudina l  Impact Resistance from Fiber  Pull-Out 
The reason  f o r  t h i s  very  r ap id  i n c r e a s e  is  
It should b e  
F iber  composite f r a c t u r e d  s u r f a c e s  u s u a l l y  e x h i b i t  some debonding 
13 
and f i b e r  pul l -out .  
t e n s i v e l y  [ 1-41 @ 
This  f r a c t u r e  mechanism has  been i n v e s t i g a t e d  ex- 
Two assumptions are made t o  d e r i v e  t h e  governing equat ion.  These 
are: (1) t h e  energy absorbed during impact is  expanded i n  pul l ing-out  
t h e  f i b e r s  and (2) t h e  i n t e r f a c e  bond s t r e n g t h  is  approximated by t h e  
in t r a l amina r  shea r  s t r e n g t h .  Assumption (2) w a s  f i r s t  introduced i n  
Ref. 2,  The d e t a i l e d  d e r i v a t i o n s  lead ing  t o  t h e  governing equat ion  are 
given i n  [63. 
out  is g iven  by 
The r e s u l t  f o r  t h e  impact energy d e n s i t y  from f i b e r  pu l l -  
2 
I E D  = - 1 ( 1  - kv)( Bvc~12 ) k 
8 '12s mps G ~ . , ~  
The symbols i n  Eq. (9)  have been def ined  previous ly .  Equation (8) de- 
s c r i b e s  IED due t o  f i b e r  pul l -out  as a complex f u n c t i o n  depending on: 
f a b r i c a t i o n  process ,  f i b e r  and void con ten t s ,  c o n s t i t u e n t  s t r e n g t h  
p r o p e r t i e s ,  and composite shea r  modulus. The v a r i a t i o n  of IED as a 
f u n c t i o n  of c o n s t i t u e n t  e las t ic  p r o p e r t i e s  i s  n o t  e a s i l y  seen  i n  Eq. (8) 
because t h e  parameter (9  /G ) depends on f i b e r  and void  con ten t s ,  
and on t h e  c o n s t i t u e n t  p r o p e r t i e s  i n  a complex way. This  parameter i s  
u12 212 
def ined  h e r e i n  as t h e  "Debonding Parameter" because it is  an i n d i c a t i o n  
of t h e  l o c a l  i n t e r f a c e  shear  bond. Its dependence on ma t r ix  modulus and 
f i b e r  volume r a t i o  is  shown i n  Fig.  7 f o r  Modmor-I f iber /epoxy composites. 
Note the scales i n  t h i s  f i g u r e .  The l e a d e r s  from t h e  curves p o i n t  t o  
t h e  corresponding scales. For example t h e  dependence of t h e  (4  u12/G 112) 
on f i b e r  volume r a t i o  is  represented  by t h e  upper curve wi th  ( e  / G -  ) 
p l o t t e d  on t h e  r i g h t  a g a i n s t  kf on t h e  top.  
1112 112 
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The important p o i n t s  t o  be  noted from Eq. (8) i n  conjunct ion w i t h  
Fig.  7 are: (1) Local bonding i s  enhanced wi th  inc reas ing  f i b e r  volume 
r a t i o n  (up t o  about 0,65) o r  inc reas ing  ma t r ix  modulus. (2) Impact 
energy d e n s i t y  (IED) due t o  debonding can b e  increased  by any o r  combi- 
na t ions  of t he  fo l lowing:  poor i n t e r f a c e  bond, low i n - s i t u  ma t r ix  
e longat ion- to- fa i lure ,  l a r g e  (Gf12/Gm12) r a t i o ;  and c o n s t i t u e n t  s e l e c t i o n  
which r e s u l t  i n  low shea r  modulus (Gz12) composition. 
It is  important  t o  no te  t h a t  t h e  parameters which enhance IED from 
debonding and f i b e r  pu l l -out  are q u i t e  d e t r i m e n t a l  t o  composite s t r u c -  
t u r a l  i n t e g r i t y  w i t h  r e s p e c t  t o  s t r e n g t h  and s t i f f n e s s .  
Impact Res is tance  Due t o  Delamination 
Delamination i n  t h e  contex t  used h e r e  r e f e r s  t o  t h e  delaminat ion 
due t o  shea r  of i n t e r p l y  l a y e r s  i n  mul t i l aye red  composites. The energy 
expanded is  r e f e r r e d  t o  h e r e i n  as t h e  "impact r e s i s t a n c e  due t o  delami- 
n a t i o n  " 
The governing equat ion  t o  d e s c r i b e  t h i s  r e s i s t a n c e  is  based on t h e  
fol lowing assumptions: (1) Delamination occurs  when t h e  in t e r l amina r  
shea r  s t r e n g t h  has  been exceeded. (2) Seve ra l  i n t e r p l y  l a y e r s  could 
delaminate  s imultaneously.  The d e t a i l e d  d e r i v a t i o n s  are given i n  [ 6 ] .  
The r e s u l t i n g  equat ion  f o r  t h e  impact energy d e n s i t y  from delaminat ion 
i s  g iven  by 
where NLD 
symbols have been previous ly  def ined .  
i s  t h e  number of delaminated i n t e r p l y  l a y e r s  and a l l  o the r  
Note t h a t  Eq. (9) is  i d e n t i c a l  w i th  Eq. (7) except  f o r  t h e  coe f f i -  
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c i e n t  NLD. 
t a n t  p o i n t s  noted t h e r e  apply t o  Eq. (9)  as w e l l .  
Therefore ,  t h e  d i scuss ion  fo l lowing  Eq. ( 7 )  and t h e  impor- 
The a d d i t i o n a l  po in t  t o  b e  noted from Eq. (9) i s ,  t h a t  f o r  improved 
impact r e s i s t a n c e ,  des ign  t h e  p a r t  t o  a s s u r e  m u l t i  i n t e r p l y  delaminat ion.  
This  should b e  a p p l i c a b l e  t o  h igh  v e l o c i t y  impact as w e l l  as low. 
Longi tudina l  Impact w i th  Cleavage and F ibe r  Pull-Out 
This  type  of impact r e s i s t a n c e  r e s u l t s  i n  f r a c t u r e d  s u r f a c e s  cons i s t -  
ing  of broken f i b e r s  w i th  debonding and f i b e r  pul l -out .  It w a s  r e f e r r e d  
t o  as cleavage w i t h  debonding previous ly .  The governing equat ion  i s  a 
combination of Eqs, (3) and (8). The r e s u l t  f o r  t h e  impact energy 
d e n s i t y  f o r  t h i s  case i s  given by 
f i r - -  7 
where Lc 
which cause f i b e r  f r a c t u r e ,  The o the r  parameters i n  Eq. (10) have been 
is  t h e  l e n g t h  of t h e  component sub jec t ed  t o  uniform stress 
previous ly  de f ined ,  
It i s  important  t o  no te  t h a t  t h e  f i b e r  pul l -out  c o n t r i b u t i o n  (sec- 
ond term i n  Eq. (10))  t o  impact r e s i s t a n c e  i n  Eq. (10) i s  s t r o n g l y  de- 
pendent on Lce  The fo l lowing  example w i l l  i l l u s t r a t e  t h e  p o i n t :  Using 
t y p i c a l  va lues  f o r  Modmor-I f i b e r / m a t r i x  composite and assuming 40 per- 
cen t  f i b e r  pu l l -out ,  t h e  c o n t r i b u t i o n  i s  approximately 0.3/Lce This  
c o n t r i b u t i o n  i s  n e g l i g i b l e  f o r  l o n g i t u d i n a l  impact where L i s  q u i t e  
l a rge .  However, t h e  f i b e r  pul l -out  c o n t r i b u t i o n  w i l l  b e  s i g n i f i c a n t  
C 
i n  t h e  case of l o c a l i z e d  o r  bending impact,  
The f i b e r  pu l l -out  c o n t r i b u t i o n  w i l l  i n  gene ra l  b e  n e g l i g i b l e  
(less than  about 1 t o  2 percent )  i f  
16 
Equation (10) 
in t r a l amina r  shea r  
i n d i c a t e s  t h a t  composites w i th  h igh  modulus and low 
s t r e n g t h  are good candida tes  f o r  h igh  impact resist- 
ance. S ince  Eq. (10) is  a combination of Eqs. (3)  and (8) t h e  d i scuss ion  
fo l lowing  t h e s e  equat ions  a p p l i e s  t o  Eq. (10) as w e l l .  
HYBRID COMPOSITES TAILOR-MADE FOR IMPROVED IMPACT RESISTANCE 
Hybrid composite is  t h e  term used f o r  a composite which c o n s i s t s  of 
two o r  more d i f f e r e n t  f i b e r  ma t r ix  combinations. 
Modmor-I / epoxy-Glas s /epoxy-Modmor-I/ ep oxy ; HTS / epoxy-Thornel-50 / 
epoxy-HTS/epoxy and o the r s .  
Typica l  examples are: 
Using t h e s e  composites f o r  improved impact r e s i s t a n c e  is a major 
con t r ibu t ion  of t h i s  i n v e s t i g a t i o n .  The concept w a s  discovered dur ing  
t h e  experimental  p o r t i o n  of t h e  i n v e s t i g a t i o n .  It was observed t h a t  
some of t h e  impacted c a n t i l e v e r  specimens exhib i ted  combined f r a c t u r e  
modes c o n s i s t i n g  of f i b e r  breakage, f i b e r  pul l -out  and i n t e r p l y  delami- 
na t ion .  
The hybrid composite t akes  advantage of two o r  more of t h e s e  modes 
It i s  a n  important  and u s e f u l  concept i n  t o  improve impact r e s i s t a n c e .  
des igning  s t r u c t u r a l  components i n  genera l .  
hybrid composites is  thus  not  a material c h a r a c t e r i s t i c .  
The impact r e s i s t a n c e  of 
The concept i s  i l l u s t r a t e d  h e r e ,  by applying i t  t o  t h e  c a n t i l e v e r  
s t r u c t u r e  shown i n  F ig .  8. 
d e n s i t y  i s  g iven  by 
The governing equat ion  f o r  impact energy 
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The undefined n o t a t i o n  i n  Eq. (12) is as fo l lows:  t h e  s u p e r s c r i p t s  (a) ,  
( s ) ,  and (c)  r e p r e s e n t  averaged co re - she l l ,  s h e l l  and core ,  r e s p e c t i v e l y .  
The s u b s c r i p t  (1) r e f e r s  t o  u n i d i r e c t i o n a l  composite p r o p e r t i e s  a long 
t h e  d i r e c t i o n  i n d i c a t e d  by t h e  numerical  s u b s c r i p t s  fol lowing ( I ) .  The 
v a r i a b l e s  b ,  h ,  and 2. r ep resen t  width,  depth ,  and l eng th  of t h e  can- 
t i l ever$  re spec t ive ly .  See a l s o  Fig.  8. The v a r i a b l e s  d f ,  N f D ,  and 
represenf  f i b e r  diameter ,  number of f i b e r s  t h a t  pu l led  o u t ,  and N~~ 
number of l a y e r s  t h a t  delmainated,  r e spec t ive ly .  
Examining Eq. (12) r e v e a l s  t h a t  t h e  shear  con t r ibu t ion  depends on 
a /Ga and both  f i b e r  pul l -out  and delaminat ion depend on t h e  E Z l l  212 
parameter Ezll/Gz12 This  means t h a t  i n  order  t o  t ake  advantage of 
t h e  h igh  shear  c o n t r i b u t i o n  o f ,  f i b e r  pul l -out  and/or delaminat ion,  h igh  
l o n g i t u d i n a l  modulus, low shear  modulus and low in t r a l amina r  s t r e n g t h  
composites should b e  s e l e c t e d .  Some composites which meet t h i s  crite- 
r i o n  are Thornel-50, Modmor-I, and HMOF f i b e r s  i n  a r e s i n  matrix-. 
There are t h r e e  o t h e r  sets of parameters i n  Eq. (12) which need 
c a r e f u l  examination i n  designing hybrid composites f o r  improved impact 
r e s i s t a n c e .  These are: (1) (h /2)2  - f o r  t h e  shea r  con t r ibu t ion ;  
(2) (h/NmZ) - f o r  delaminat ion;  and (3) (dfNfD/bhZ) . -  f o r  f i b e r  pu l l -  
ou t .  
3 
The shear c o n t r i b u t i o n  w i l l  b e  g r e a t e r  than  3 percent  when 
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The c o n t r i b u t i o n  of t h e  f i b e r  pul l -out  w i l l  b e  g r e a t e r  than  3 percent  
when 
(-) 1 orno(-) E 2 1 1  
The c o n t r i b u t i o n  of t h e  delaminat ion w i l l  b e  g r e a t e r  than  3 percen t  when 
The i n e q u a l i t y  
S must be  s a t i s f i e d  f o r  delaminat ion.  The v a r i a b l e  Szllc den0 tes longi-  
t u d i n a l  compressive s t r e n g t h .  
Equation (12) i n  conjunct ion  wi th  t h e  i n e q u a l i t i e s  Eqs. (13-16) and 
provide r e l a t i o n s  which can b e  used t o  select parameters i n  des igning  
composites wi th  improved impact r e s i s t a n c e ,  They were used i n  t h i s  in-  
v e s t i g a t i o n  t o  guide t h e  s e l e c t i o n  of t h e  hybrid composites. 
The i n e q u a l i t i e s  Eqs. (13-16) can b e  expressed i n  t e r m s  of con- 
s J U T '  s t i t u e n t  p r o p e r t i e s  by us ing  t h e  micromechanics r e l a t i o n s  f o r  
and Elll. 
1 1 1 . ~ 9  112s 9 
EXPERIMENTAL INVEST IGAT I O N  
This  po r t ion  of t h e  i n v e s t i g a t i o n  cons i s t ed  of ca r ry ing  o u t  
min ia tu re -hod  [17] impact tests t o  v e r i f y  q u a l i t a t i v e l y  the  t h e o r e t i c a l  
cons idera t ions  and concepts  descr ibed  i n  t h e  "Theore t ica l  Inves t iga t ion"  
Sec t ion  I 
19 
Materials and Specimen F a b r i c a t i o n  
Graphi te ,  g l a s s  and HMOF f i b e r s  i n  a n  epoxy r e s i n  
The va r ious  f i b e r s  i n  t h e  experimental  i n v e s t i g a t i o n .  
matrix were used 
are l i s t e d  i n  
Table 6.. A l l  f i b e r  material was  drum wound and impregnated w i t h  t h e  
epoxy r e s i n  ERL 2256-22LO820 (27 .0  pph r e s i n ) .  
Composites were f a b r i c a t e d  by means of a u n i d i r e c t i o n a l  lay-up of 
a number of "B'l s t aged  p l i e s  t o  y i e l d  t h e  th i ckness  d e s i r e d .  
t h e  composites cons i s t ed  of f i b e r s  of one p a r t i c u l a r  type.  Some hybrid 
composites were a l s o  f a b r i c a t e d  t h a t  cons i s t ed  of two f i b e r  types  i n  
t h e  lay-up wi th  s e l e c t e d  th ickness  and p o s i t i o n  of each. 
w e r e  cured under h e a t  and p res su re  i n  a matched-die mold. 
cur ing  cond i t ions  are included i n  Table  6. 
Most of 
The composites 
Complete 
Minia ture  Izod specimens were machined from t h e  f a b r i c a t e d  com- 
p o s i t e s  i n  both t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s .  The f i n -  
ished specimen dimensions were 7.9 x 7.9 x 3 7 . 6  mm. 
Test Apparatus and Procedure 
The impact machine used w a s  a modified B e l l  Telephone Laboratory 
pendulum type  (Fig.  9 ) .  The des ign  capac i ty  of t h e  pendulum w a s  
240 centimeter-Newtons (27 inch-pounds). Addit ion of weights  t o  t h e  
pendulum increased  t h e  capac i ty  t o  1010 centimeter-Newtons (114 inch- 
pounds). 
The Izod specimens were s t r u c k  a t  t h e i r  f r e e  end, 22 mm from t h e  edge 
of t h e  g r i p .  The specimen l eng th  i n  t h e  g r i p  w a s  14  mm. 
load w a s  appl ied  t o  t h e  g r i p  t o  a s s u r e  uniform g r ipp ing  of specimens. 
The s t r i k i n g  v e l o c i t y  of t h e  pendulum w a s  345 cm per  second. 
A "dead weight' ' 
Composites of one p a r t i c u l a r  f i b e r  were t e s t e d  i n  both  t h e  longi-  
t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s .  Hybrid composites were gene ra l ly  
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t e s t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  wi th  t h e  p l i e s  p a r a l l e l  t o  t h e  
s t r i k i n g  pendulum. The angular  displacement of t h e  pendulum a f t e r  impact 
w a s  an inve r se  measure of t h e  impact energy. Typica l  f r a c t u r e d  specimens 
from t h i s  method of t e s t i n g  are shown i n  Fig.  10.  
EXPERIMENTAL RESULTS AND DISCUSSION 
Longi tudina l  and Transverse Impact 
Severa l  specimens of each composite system w e r e  t e s t e d  i n  longi-  
t u d i n a l  and t r a n s v e r s e  impact. Also specimens from t h e  matrix system 
were t e s t e d .  The r e s u l t s  are presented  i n  Bar-Graph form i n  F ig .  11. 
The ad jacen t  b a r s  have t h e  fo l lowing  meaning: 
l o n g i t u d i n a l  whi le  t h e  r i g h t  denotes  t r a n s v e r s e  impact. The scatter is  
ind ica t ed  by t h e  l i g h t  l i n e s  w i t h i n  t h e  b a r .  
t h e  l e f t  b a r  denotes  
Photomicrographs of t y p i c a l  f r a c t u r e  s u r f a c e s  are shown i n  F ig .  12. 
Note t h e  f r a c t u r e  modes, c leavage,  and cieavage wi th  f i b e r  pu l l -out .  
Photographs of f r a c t u r e d  specimens are shown i n  F ig .  10.  Impact resist- 
ance ve r sus  short-beam in t r a l amina r  shear  s t r e n g t h s  €or  several of t h e s e  
composites are given i n  Fig.  13.  The in t r a l amina r  shear  s t r e n g t h s  are 
needed t o  assist w i t h  t h e  t h e o r e t i c a l  impact r e s i s t a n c e  ranking of t h e  
test  specimens a 
Measured r e s u l t s  of l o n g i t u d i n a l  impact normal and p a r a l l e l  t o  t h e  
This  is  t o  b e  expected i n  unid i -  l amina t ion  d i r e c t i o n s  were i d e n t i c a l .  
r e c t i o n a l  composites w i th  nonmeta l l ic  matrices. 
Discussion of Experimental  Resu l t s  and Comparison of Ranking 
Examination of F igs .  10 and 11 r e v e a l  t h a t :  (1) Those composites 
which e x h i b i t  more than  one f r a c t u r e  mode have h ighe r  impact r e s i s t a n c e  
i n  genera l .  (2)  Composite t r a n s v e r s e  impact r e s u l t s  i n  b r i t t l e  f r a c t u r e  
and t h e  va lue  is  
s p l i t t i n g  occurs  
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cons iderably  lower than  t h a t  of t h e  mat r ix .  Some f i b e r  
i n  t h e  Thornel f i b e r  composites.  (3) The hybr id  com- 
p o s i t e  experienced two or  more f r a c t u r e  modes. 
Averaged va lues  of t h e  experimental  r e s u l t s  are summarized i n  
Table 6. The las t  two columns of t h i s  t a b l e  con ta in  t h e  ranking w i t h  
r e s p e c t  t o  impact resistance. The numbers enclosed i n  c i rc les  i n  t h e s e  
columns r ep resen t  t h e  ranking of t h e  measured va lues .  The numbers en- 
c losed  i n  squares  r ep resen t  t h e  pred ic ted  ranking.  A s  can b e  seen ,  t h e  
ranking i s  i d e n t i c a l .  The p red ic t ed  ranking w a s  obtained as fol lows:  
For t h e  l o n g i t u d i n a l  ranking ,  Eq. (13) w a s  used i n  conjunct ion  w i t h  
Table 1 and Fig .  13.  For t h e  t r a n s v e r s e  ranking Eq. (6) w a s  used i n  
conjunct ion  wi th  Fig.  13. The use  of Fig.  13 f o r  t h e  transverse s t r e n g t h  
is  accep tab le  because both in t r a l amina r  shear  and t r a n s v e r s e  composite 
s t r e n g t h s  e x h i b i t  s i m i l a r  t r ends .  
It i s  i n t e r e s t i n g  t o  n o t e  i n  Table 6 t h a t  one of t h e  hybr id  com- 
p o s i t e s  (HTS/T505/HTS) had l a r g e r  impact resistance than  e i t h e r  of the 
two c o n s t i t u e n t  composites. The explana t ion  is  t h a t  t h e  hybr id  composite 
had more delaminated s u r f a c e s .  Th i s ,  of course ,  i s  t h e  essence  of t h e  
hybrid composite concept f o r  improved impact r e s i s t a n c e .  
The important  po in t  t o  keep i n  mind from t h i s  d i scuss ion  is  t h a t  
t h e o r e t i c a l  express ions  can b e  cons t ruc ted  t o  p r e d i c t  impact resistance 
a t  l eas t  on a q u a l i t a t i v e  b a s i s .  These express ions  can b e  used t o  guide 
r e sea rch  f o r  c o n s t i t u e n t  materials and des ign  concepts f o r  improved i m -  
pac t  r e s i s t a n c e .  
CONCLUSIONS 
Resu l t s  from t h i s  i n v e s t i g a t i o n  of gross-type-impacts of composites 
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involv ing  r e l a t i v e l y  long impact con tac t  t i m e s  l ead  t o  t h e  fo l lowing  
conclusions : 
1. The impact r e s i s t a n c e  of u n i d i r e c t i o n a l  composites i s  ranked 
us ing  elementary composite mechanics and c r i te r ia  are presented  t o  guide  
des ign  f o r  improved r e s i s t a n c e .  
2. T h e o r e t i c a l  r e s u l t s  show t h a t  i n  composites w i th  h igh  f iber - to-  
ma t r ix  modulus r a t i o s ,  t h e  l o n g i t u d i n a l  impact r e s i s t a n c e  is  f i b e r  con- 
t r o l l e d .  When t h i s  r a t i o  is twenty, t h e  matrix c o n t r i b u t i o n  i s  less 
than  5 percent .  However, t h e  t r ansve r se  and shea r  impact r e s i s t a n c e s  
are ma t r ix  c o n t r o l l e d .  
3 .  Theore t i ca l  r e s u l t s  show t h a t  i n  composites w i th  f iber- to-matr ix  
modulus or s t r e n g t h  r a t i o s  about f o u r ,  t h e  l o n g i t u d i n a l  impact resist- 
ance could be matrix con t ro l l ed .  I n  t h i s  case, t h e  presence of micro- 
r e s i d u a l  stresses decreases  t h e  impact r e s i s t a n c e  cons iderably .  
4.  Theore t i ca l  cons ide ra t ions  i n d i c a t e  t h a t  t h e  impact r e s i s t a n c e  
can be  improved by des igning  t h e  composite s o  t h a t  f i b e r  b reaks ,  f i b e r  
debonding wi th  f i b e r  pul l -out  and p a r t i a l  de lamina t ion  t ake  p l a c e  a t  
t h e  same t i m e .  
prove t h e  impact r e s i s t a n c e .  
Any combinations of t h e s e  f r a c t u r e  modes w i l l  a l s o  im- 
5. Theore t i ca l  cons ide ra t ions  a l s o  show t h a t  t he  impact r e s i s t a n c e  
is  s e n s i t i v e  t o  void and f i b e r  conten ts  and t o  c e r t a i n  f a b r i c a t i o n  
f a c t o r s  which are r e f l e c t e d  i n  t h e  i n - s i t u  c o n s t i t u e n t  p r o p e r t i e s .  
6 .  The experimental  r e s u l t s  i n d i c a t e  t h r e e  p reva len t  l o n g i t u d i n a l  
These are cleavage,  c leavage w i t h  some f a i l u r e  modes due t o  impact. 
f i b e r  puU-out ,  and cleavage combined w i t h  p a r t i a l  de lamina t ion  due t o  
in t r a l amina r  shea r  f a i l u r e .  
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7. The t r ansve r se  f a i l u r e  mode was cleavage. The f r a c t u r e  sur face  
included mat r ix  f r a c t u r e ,  f i b e r  debonding, and some f i b e r  s p l i t t i n g .  
The experimental  r e s u l t s  showed t h a t  t h e  impact r e s i s t a n c e  was t h e  same 
whether t h e  specimen was impacted p a r a l l e l  or normal t o  t h e  lamina t ion  
d i r e c t  ion.  
8.  Ranking of p r e d i c t e d  r e s u l t s  w a s  i n  good agreement wi th  t h a t  of 
measured results from notched Charpy Impact, cryogenic f r a c t u r e  tough- 
ness ,  s t r e s s  i n t e n s i t y ,  and m o t c h e d  Izod impact. 
9. The hybrid composite concept i s  an e f f i c i e n t  composite design 
t o  combine high s t r e n g t h  and h igh  s t i f f n e s s  wi th  high impact r e s i s t a n c e .  
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TABLE 6. - MINIATURIZED 
Fiber  Type 
Graphi te  T595 
Graphi te  T50 
Graphi te  HTS 
Graphi te  M I  
Glass S 
HMOF 
Graphi te  HTS 
Surf ace 
t rea tment  
(b 1 
Polyv i n y  1 
a l c o h o l  
(c)  
None 
(d) 
--- 
IZOD IMPACT DATA FOR F I B E R - E P O X ~ ~ )  COMPOSITES 
F iber  
volume 
r a t i o  
0 a 532 
0.583 
0.523 
0.542 
0.486 
--- 
Fiber  
d i r e c t  i o n  
Long e 
Trans.  
Long. 
Trans.  
Long 
Trans. 
Long. 
Trans.  
Long. 
Trans.  
Long. 
Trans.  
Average impact Rankinge 
energy 
cm-N in . - lb  
Long. Trans. 
85.9 7 .6  @ 151 @m 
7.9 0.7 
208.0 18.4 @[-illl 0151 
3.4 0.3 
56.5 5.0 @a @ 121 
14.7 1 .3  
215.0 19.0 @a 
4.5 0.4 
757.0 67.0 @a @ 1 
15.8 1.4 
280.0 24.8 0121 @ 
3.4 0.3 
0.598 Long. 116.3 10.3 3 
T505 
Graphi te  HMS 
Trans. 11.3 1.0 
0.536 Long e 132.0 1 1 . 7  2 
M I  
Graphi te  HMS --- Long. 232.0 20.5 1 
a Epoxy r e s i n  - ERL 2256/AAL 0820, Union Carbide Corp. "B" s t a g e  of impreg- 
na ted  f i b e r  - 93' C, 45 mine Mylar cover ,  c u r e  c y c l e  - under 50 p s i  
p r e s s u r e ,  2 h r s  - 82' C ,  3 h r s  - 148' C .  
Epoxy compatible - Union Carbide Corp. 
Heat cleaned - Hercules Corp. 
b 
C 
d901 - Owens Corning F i b e r g l a s  Co. 
e Measured rank,  Predic ted  rank.  
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Figure 1. -Typical stress-strain curves of unidirect ional 
fiber composite material subjected to h igh rate of loading. 
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(A) UNIAXIAL IMPACT. 
LONGITUDINAL TRANSVERSE 
(B) CANTILEVER IMPACT. 
Figure 2. -Composite geometry and impact loadings. 
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Figure 3. - Potential impact resistance of fiber composite materials from table I. 
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Figure 4. - Theoretical longitudinal impact resistance of (boron-silicon carbidel 
t i tanium unidirectional composite) processing temperature, 1500" F. 
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Figure 5. -Theoretical transverse impact resistance of unidirectional composites. 
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Figure 6. -Theoretical shear impact resistance of unidirectional composites. 
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Figure 7. - Debonding parameter for Modrnor-Ilepoxy composite w i th  zero 
voids. 
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Figure 8. - Cantilever subjected to impact. 
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